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We identified a region in the archistriatum of the barn owl forebrain that contains neurons sensitive to auditory stimuli. Nearly all of these neurons are tuned for binaural localization cues. The archistriatum is known to be the primary source of motor-related output from the avian forebrain and, in barn owls, contributes to the control of gaze, much like the frontal eye fields in monkeys.
The auditory region is located in the medial portion of the archistriatum, at the level of the anterior commissure, and is within the region of the archistriatum from which head saccades can be elicited by electrical microstimulation (see preceding companion article, Knudsen et al., 1995) . Free-field measurements revealed that auditory sites have large, spatial receptive fields. However, within these large receptive fields, responses are tuned sharply for sound source location. Dichotic measurements showed that auditory sites are tuned broadly for frequency and that the majority are tuned to particular values of interaural time differences and interaural level differences, the principal cues used by barn owls for sound localization.
The tuning of sites to these binaural cues is essentially independent of sound level.
The auditory properties of units in the medial archistriaturn are similar to those of units in the optic tectum, a structure that also contributes to gaze control. Unlike the optic tectum, however, the auditory region of the archistriatum does not contain a single, continuous auditory map of space. Instead, it is organized into dorsoventral clusters of sites with similar binaural (spatial) tuning. The different representations of auditory space in closely related structures in the forebrain (archistriatum) and midbrain (optic tectum) probably reflect the fact that the forebrain contributes to a wide variety of sensorimotor tasks more complicated than gaze control.
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The forebrain contributes to sound localization behavior in barn owls (Knudsen et al., 1993) and in a variety of mammals, including humans, monkeys, cats, and ferrets (for a review, see Neff et al., 1975; Clarey et al., 1992) . However, the forebrain pathway that mediates sound localization has yet to be identified in any species. Although auditory spatial information is present in the primary auditory projection fields of the forebrain [field L in owls (Knudsen et al., 1977) and the auditory thalamus and cortex in mammals (see Neff et al., 1975; Clarey et al., 1992) ], the subsequent stages of spatial information processing in the forebrain are unknown. In contrast, in the midbrain, advanced stages of auditory spatial information processing have been well characterized (Knudsen et al., 1987; Konishi et al., 1988) . In the external nucleus of the inferior colliculus (ICX; Knudsen and Konishi, 1978a; Binns et al., 1992) and in the optic tectum (OT) or superior colliculus (Knudsen, 1982; King and Palmer, 1983; Middlebrooks and Knudsen, 1984; King and Hutchings, 1987 ; for a review, see Stein and Meredith, 1993) , auditory neurons have restricted spatial receptive fields and are organized into single, continuous representations, or maps, of auditory space. In the barn owl, the binaural basis of these spatial receptive fields is known. The tuning of units for interaural time difference (ITD) restricts spatial tuning in azimuth and tuning for interaural level difference (ILD) restricts spatial tuning in elevation, due to a vertical asymmetry in the directional sensitivities of the owl's ears (Payne, 1971; Knudsen et al., 1979; Konishi et al., 1988; Olsen et al., 1989; Brainard et al., 1992) . In the ICX and the OT, the value of ITD to which neurons are tuned changes systematically along the rostrocaudal axis of each nucleus, forming maps of azimuth, and the value of ILD to which neurons are tuned changes systematically along the dorsoventral axis of each nucleus, forming maps of elevation (Knudsen and Konishi, 1978a; Moiseff and Konishi, 1981a; Knudsen, 1982; Olsen et al., 1989; Mogdans and Knudsen, 1993) .
To learn how the forebrain processes and represents auditory spatial information, we have studied the barn owl, an animal with a highly developed capacity for sound localization (Payne, 1971; Konishi, 1973) . Recently, we have identified a forebrain structure, the archistriatum, whose physiological and anatomical properties suggest that it is involved in spatial behavior (see preceding companion article, Knudsen et al., 1995) . The archistriatum communicates directly with both the ICX and the OT, structures that are known to contribute to auditory-mediated gaze control (Knudsen et al., 1993; Wagner, 1993) . Moreover, electrical microstimulation of sites in a large portion of the archistriatum, the archistriatal gaze fields (AGF), evokes contraversive, saccadic movements of the eyes and head, with kinematics that are similar to those of natural gaze saccades (Knudsen et al., 1995) . The AGF projects directly to saccade-generating circuitry in the brainstem tegmentum (in addition to projecting to the OT) and can mediate gaze changes independently of the OT. In these respects, the AGF is similar to the frontal eye fields in monkeys (see Goldberg and Segraves, 1989; Bruce, 1990) .
Since the archistriatum is involved in spatial behaviors (Knudsen et al., 1995) , its neural activity should encode spatial information. Indeed, we found that nearly all of the auditory units in the archistriatum were highly selective for binaural localization cues and that the majority of sites were tuned to specific values of both ITD and ILD. In this study, we explored the functional properties of archistriatal units as they relate to the processing and representation of auditory spatial information.
Dichotic stimulation
Dichotic stimuli also consisted of noise or tone bursts with the same duration, rise/fall times, and interstimulus intervals as those used for free-field stimulation. However, the noise bursts were high-pass filtered at 4.0 kHz to ensure adequate interaural isolation at large ILDs (Moiseff and Konishi, 1981b) . Acoustic stimuli were transduced by Knowles earphones (model 1914) coupled to damping assemblies (BF-1743). The frequency response of the earphones was measured, under free-field conditions, with a Brtiel and Kjaer 12.5 mm condenser microphone and a spectrum analyzer. The frequency response of each earphone was flattened (+-2 dB between 4.0 and 12.0 kHz) by compensatory adjustments in the computer-generated waveforms. The output of the earphones was linear to within 0.2 dB over a 45 dB range of input amplitudes.
Each earphone was aligned parallel to the long axis of the ear canal, centered within it, and placed at a fixed distance from the tympanic membrane. Time delays between the two stimulus waveforms were produced by computer-calculated shifts of 5-50 psec increments (Olsen et al., 1989) . The sound levels produced by the earphones were controlled by programmable attenuators. Frequency-specific differences in sound timing and level between the two earphones ranged up to 3 ksec and 2 dB, respectively.
Materials and Methods
Data were collected from nine adult barn owls (Gyro &a). The techniques and methodologies used in this study have been described in detail previously (Knudsen, 1985; Olsen et al., 1989) .
Preparation
Owls were prepared for repeated experiments. Prior to electrophysiological recordings, an owl was anesthetized with halothane (1%) and nitrous oxide (O,:NO, = 55:45) while a headpiece was cemented to the skull and a craniotomy was made over the OT and the archistriatum. Chloramphenical (0.5%) was applied to the brain surface, the craniotomy was sealed with dental acrylic, and the incisions were infused with Xylocaine. After recovery from anesthesia, the animal was returned to its home cage.
On the day of an experiment, the owl was anesthetized with ketamine hydrochloride (20 mg/kg body weight) and tranquilized with diazepam (1 mg/kg). Anesthesia was maintained throughout the experiment with supplemental injections of both ketamine and diazepam. The owl was wrapped in a leather harness, suspended in a prone position inside a sound-attenuated chamber, and secured to a stereotaxic device by its headpiece. The head was positioned using retinal landmarks (the eyes are essentially stationary in the head) so that the visual axes were in the horizontal plane. The dental acrylic was then removed from the craniotomy, and electrophysiological recordings began. At the conclusion of an experiment, chloramphenicol was applied to the brain, the craniotomy was resealed with dental acrylic, and a subcutaneous injection of a 2.5% dextrose saline solution was administered. Upon recovery from anesthesia, the owl was returned to its home cage.
Free-field stimulation
Free-field stimuli were presented with a remotely controlled, moveable loudspeaker. The speaker moved on an imaginary sphere centered on the owl's head at a distance of 92 cm. The owl's head was aligned such that the median sagittal and visual planes corresponded to 0" azimuth and 0" elevation, respectively, of the speaker moving system. The locations of auditory stimuli are given in degrees left or right of the median sagittal plane (azimuth) and in degrees above or below the visual plane (elevation), as measured from the center of the head.
Free-field acoustic stimuli consisted of computer-generated 50 msec broadband noise (1.0-I 2.0 kHz; 0 msec rise/fall times) or tone (5 msec rise/fall times) bursts with an interstimulus interval of 1.0 sec. The amplitude spectrum of the broadband noise was flat (within +2 dB) from 2 to 12 kHz, as measured with a Brtlel and Kjaer 12.5 mm condensor microphone (model 4165) and a spectrum analyzer (Hewlett Packard, model 3582A) . Dichotic stimuli were presented at an average binaural level (ABL) of 20 dB above threshold; ABL is the sum of the sound levels (in dB) at both ears divided by 2. Tuning curves were generated by presenting series of binaural stimuli consisting of either noise bursts with random sequences of ILDs or ITDs or of tone bursts with random sequences of frequencies. For each tuning curve, at least 10 series of stimuli were presented. The net response to a dichotic stimulus was quantified by subtracting the number of spikes occurring 100 msec prior to stimulus onset (baseline activity) from the number of spikes evoked during the 100 msec following stimulus onset.
Acoustical measurements of ITD and ILD
As part of a previous study (Knudsen et al., 1991) , interaural differences
The selectivity of AAr sites for ITD was examined over the entire in the timing and the level of sound were measured for sources located physiological range of ITD values (5200 psec; Olsen et al., 1989 ; at 10" intervals in azimuth and elevation across the entire frontal hem- Knudsen et al., 1991) using the dichotic noise stimulus. ITD tuning ifield in five adult barn owls. Broadband noise presented from the movecurves typically had a strong "primary" peak and smaller "secondary" able loudspeaker was recorded from each ear canal with probe-tube peaks. Selectivity for ITD was quantified using the three indices defined microphones (Brtiel and Kjaer, model 4165) . The ITD and ILD values, in Figure 1 . The first index, "ITD response modulation," was the difcorresponding to each location in space, that were used in this study to ference between a site's largest and smallest response (a and b, respecpredict dichotic binaural tuning from free-field spatial tuning were based tively, in Fig. lA) , expressed as a percentage of the largest response. on the averaged values across these five animals.
The maximum attainable value of ITD and ILD response modulation
Neurophysiological recordings
An insulated tungsten microelectrode (l-3 Ma at 1.0 kHz) was used to record extracellularly from single and multiple units. The electrode was positioned stereotaxically and advanced through the brain with a microdrive while neural activity was monitored on an audio monitor and an oscilloscope. To calibrate the electrode's position in the brain, the electrode was first advanced into the OT The position of the electrode in the tectum was determined from the location of visual receptive fields (Knudsen, 1982) . The auditory region of the archistriatum, the "AAr," was within the area defined as the AGF (Knudsen et al., 1995) and was located approximately 2 mm rostral, 0.5 mm lateral, and 3 mm dorsal of the representation of 0" azimuth and 0" elevation in the superficial layers of the OT
Tuning curve analyses
The spatial tuning of AAr sites was measured by counting spike discharges to noise bursts presented from various locations at 20-30 dB above response threshold. Responses were sampled every 5-10" in azimuth and elevation across a site's receptive field. Net response was quantified by subtracting the number of spikes that occurred during a 100 msec interval prior to stimulus presentation (baseline activity) from the number of spikes occurring during the 100 msec following stimulus onset. The region of space from which the stimulus elicited greater than 50% of the maximum response was the "best area" of the site. A site's "best azimuth" and "best elevation" were defined by the center of the best area. Free-field frequency tuning was measured by varying frequencies between 1 and 12 kHz, while keeping the sound source at the center of the best area. The "free-field frequency tuning width" was the continuous range of frequencies that elicited greater than 50% of the maximum response. The center of this range was the site's "free-field best frequency." Figure 1 . A, Schematized ITD tuning curve illustrating the indices used to quantify ITD selectivity. Responses were based on the number of spikes after subtracting the baseline discharge rate. "ITD response modulation" was defined as the difference between a site's largest (a) and smallest (b) response to an ITD value and was expressed as a percentage of the largest response: (a -b)/u X 100. The "relative size of the secondary peak," was the response at the largest secondary peak (c) relative to the response at the primary peak (a): c/u X 100. "ITD tuning width" was the range of ITD values that elicited greater than 50% of the largest response (d). "Best ITD" was the center of this range. B, Schematized ILD tuning curve illustrating the indices used to quantify ILD selectivity. "ILD response modulation" was defined as the difference between a site's largest (e) and smallest (f) response to an ILD value and was expressed as a percentage of the largest response: (e -f)le X 100. "ILD tuning width" was the range of ILD values that elicited greater than 50% of the largest response (g). "Best ILD" was the center of this range. Interaural Level Difference (dB) was limited by a site's level of baseline activity: the responses at sites with high levels of baseline activity could be modulated by more than lOO%, while responses without any baseline activity were limited to a maximum response modulation value of 100%. To eliminate the effect of differences in baseline activity on response modulation, response modulations that were greater than 100% were assigned the value of 100%. The second index, "relative size of the secondary peak," was the size of the largest secondary peak relative to the size of the primary peak (c and a, respectively, in Fig. 1A ). If a secondary peak was not apparent, the response to the ITD value that was one period of the site's best frequency away from the ITD that elicited the maximum response was used. The third index, "ITD tuning width," was the continuous range of ITD values that elicited greater than 50% of the largest response (d in Fig. 1A ). The center of this range was the site's "best ITD." ILD selectivity was quantified by measuring "ILD response modulation" and "ILD tuning width" using the dichotic noise stimulus. ILD response modulation was the difference between a site's largest and smallest response (e and f, respectively, in Fig. lB ), expressed as a percentage of the largest response. ILD tuning width was defined as the continuous range of ILD values that evoked greater than 50% of the largest response (g in Fig. 1B ). The center of this range was the site's "best ILD." "Frequency tuning width" was the continuous range of frequencies that elicited greater than 50% of the maximum response. The center of this range was the "best frequency."
When ILD tuning was measured, ITD was held constant at the site's best value. Similarly, when ITD tuning was assessed, ILD was held constant at the site's best value. Frequency tuning curves were measured with ITD and ILD at their respective best values.
"Minimum response latency" was based on cumulative histograms representing the combined responses to all stimuli. Latency was the first 1 msec bin in which the responses appeared to increase above baseline.
Analysis of functional organization Frequency tuning. Parametric and nonparametric tests were used to examine whether auditory sites are organized into maps of frequency. For the examination of topography along the rostrocaudal and mediolateral axes of the AAr, data were analyzed from all pairs of electrode penehations, made along either the rostrocaudal or mediolateral axis, that were separated by at least 500 pm. In each penetration, sites were sampled at a minimum interval of 150 p,rn. We searched for evidence of a representation of frequency by comparing the average and median values of best frequency measured in one penetration with the average and median values of best frequency measured in the matched pair. A paired t test was applied to determine whether either the average or median value of best frequency increased along the rostrocaudal or mediolateral axis.
To assess tonotopy along the dorsoventral axis of the AAr, data were analyzed from all electrode penetrations in which measurements were made at two or more sites. We compared neighboring sites (separation > 150 km) to determine whether the best frequency at a site was greater than the best frequency measured at the adjacent site. A sign-test was then applied to determine whether the proportion of sites with best frequencies that increased along the dorsoventral axis occurred more often than expected by chance.
Tuning for binaural localization cues. We analyzed the functional organization to determine whether best ITDs or best ILDs are organized systematically. For the examination of topography along the rostrocauda1 and mediolateral axes of the AAr, data were analyzed from all pairs of electrode penetrations, exactly as described previously for the analysis of frequency tuning organization. In each penetration, sites were sampled at a minimum interval of 150 pm. We searched for evidence of a systematic representation of ITD by comparing the average and median values of best ITD measured in one penetration with the average and median values of best ITD measured in the matched pair. A paired t test was applied to determine whether either the average or median value of best ITD became more ipsilateral-ear leading along the rostrocaudal or mediolateral axis. The same procedure was followed to determine whether best ILDs became more left-ear greater along either the rostrocaudal or mediolateral axis of the AAr.
For the analysis of topography along the dorsoventral axis of the AAr, data were analyzed from all electrode penetrations in which measurements were made at two or more sites. We compared neighboring sites (separation >150 urn) to determine whether the best ITD at a site was more ipsilateral-ear leading than the best ITD measured at the adjacent site. A sign-test was then applied to determine whether the proportion of sites that became more ipsilateral-ear leading along the dorsoventral axis occurred more frequently than expected by chance. The same procedure was followed to determine whether best ILDs became more leftear greater along the dorsoventral axis of the AAr.
A Monte Carlo analysis was used to determine whether best ITDs or best ILDs exhibited clustered distributions along the dorsoventral axis. Data were analyzed from all electrode penetrations in which measurements were made at three or more sites and in which adjacent sites were separated by at least 150 pm. For each pair of adjacent sites in a given electrode penetration, the difference between best ITD values was determined, and the average difference for all such pairs of sites, the "experimental mean," was calculated for that penetration. Next, the distribution of average differences that would result from random combinations of best ITD values for a similar number of recording sites was calculated. This distribution was determined from 1000 Monte Carlo simulations which randomly selected 12 best ITD values from the pool of best ITD values measured in that animal, where n equals the number of sites in the penetration being tested. The "simulation mean" was the average value from this distribution. The experimental mean was then compared to the simulation mean. Those penetrations with experimental means that were smaller than the simulation mean were termed "clustered," and those with experimental means that were larger were termed "not clustered." A sign-test was then applied to determine whether the proportion of electrode penetrations with clustered best ITDs occurred more frequently than expected by chance. The same procedure was followed to determine whether best ILDs were clustered along the dorsoventral axis.
Histology. Recording sites were verified histologically. In the final experiment in each owl, electrolytic lesions (3.0 pA for 15 set) were placed or biotinylated dextran amine was pressure injected in the region containing auditory units. After a few days of survival, the owl was deeply anesthetized with sodium pentobarbital and perfused intracardially with 4% paraformaldehyde and 5% sucrose in 0.1 M phosphate buffer. The brains were blocked in the transverse plane, cut on a freezing microtome in 40 pm sections, mounted on glass slides, and stained with cresyl violet or with a myelin (modified Gallyas) stain. The dextran amine was visualized with an avidin-biotinylated HRP (ABC) procedure followed by a standard diaminobenzidine reaction (some of the results of these tracer injections can be found in the companion article, Knudsen et al., 1995) . Recording sites were reconstructed using a camera lucida.
Results
Location of the auditory region of the archistriatum The archistriatum is separated from the neostriatum and paleostriatum by a thin cell-free zone (arrowheads in Fig. 2) . The medial posterior third of the archistriatum is believed to be analogous to the mammalian amygdala while the anterior two-thirds of the archistriatum is considered analogous to mammalian sensorimotor cortex (Zeier and Karten, 1971 
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/ h Figure 3 . Free-field spatial tuning of an AAr site. The dashed globe represents the frontal hemifield and is calibrated in 20" intervals of azimuth and elevation. The shaded square on the globe represents the best area of the site. The cross is placed at the geometric center of the site's best area which defines the site's best azimuth and elevation. The effect of varying sound source azimuth and elevation on the site's response is shown below and to the right. Tuning to source azimuth was measured with the sound source at the site's best elevation; tuning to source elevation was measured with the sound source at the site's best azimuth. The shaded regions of the azimuth and elevation tuning curves represent the spatial locations that elicited greater than 50% of the maximum response. 5158 Cohen and Knudsen -Binaural Tuning in the Archistriatum rotundus and ovoidalis. The auditory region of the archistriatum, the AAr, is small (-1 .O mmi) and is located approximately halfway along the rostrocaudal extent of the structure, at the level of the anterior commissure. It is contained within the AGF which, based on gaze changes elicited by microstimulation, occupies the anterior 70% of the archistriatum. When viewed in the transverse plane, the archistriatum contains two myelin-rich zones; the auditory region overlaps with the more medial zone (the asterisk in Fig. 2A ).
Spatial receptive fields
Spatial tuning was measured at 13 multiunit sites in both hemispheres of two barn owls. At each site, responses varied greatly as a function of sound source location (Fig. 3) . The strongest responses were evoked when the sound source was located within a particular area of space, the site's best area. However, while spatially tuned, many of the sites responded to sounds originating from nearly any location. The sharpness of spatial tuning was quantified by the size of the best area, defined as the region of space from which noise bursts evoked more than 50% of the maximum response. The azimuthal extent of best areas was always clearly defined and averaged 33" (SD = 15.7). The elevational extent was well defined at most but not at all sites: at three sites, responses did not fall below the 50% criterion as a function of source elevation and elevation tuning at these sites was classified as undefined. For the remainder of the sites, best areas averaged 46" (SD = 13.8) in elevation.
Relationship between spatial and binaural tuning
The majority of the data collected in this study were dichotic measurements of unit tuning to binaural localization cues. To determine whether a consistent relationship exists between freefield measurements of spatial tuning and dichotic measurements of binaural tuning, we measured both spatial and binaural tuning at 13 sites. The location in space to which a site was tuned was represented by the geometric center of the site's best area. The ITD and ILD tuning predicted by this location were derived from acoustic measurements of ITD and ILD that were made in five normal owls (Knudsen et al., 1991) . "Predicted best ITD" and "predicted best ILD" were the acoustic ITD and ILD, respectively, produced by a sound source located at the center of the best area, for the l/3 octave bandwidth centered on the site's best frequency. Predicted best ITDs and best ILDs were then compared with dichotically measured best ITDs and best ILDs for the same sites.
Predicted best ITDs corresponded closely with measured best ITDs (Fig. 4A ). The average difference between the predicted and measured values was 13 l.rsec (SD = 1 l.l), which corresponds to an average spatial discrepancy of about 5" azimuth (Knudsen et al., 1994) . Similarly, for those sites with well-defined elevational tuning, predicted best ILDs matched well with measured best ILDs (Fig. 4B ). The average difference between the predicted and measured values was 4 dB (SD = 3.3). In the frontal region of space (within 20" of the visual axes), this ILD difference corresponds to an average spatial discrepancy of about 8" elevation for frequencies from 6 to 8 kHz (Knudsen et al., 1994) . Thus, dichotically measured best ITD and best ILD are reliable indicators of best area azimuth and best area elevation, respectively, in the AAr.
Responses to dichotic stimuli
Responses to dichotic stimulation were assessed at 135 AAr sites from both hemispheres of seven barn owls. Differences in the sample sizes for our different analyses occurred because occasionally units were lost before a complete set of tuning curves could be obtained.
Frequency tuning. A substantial percentage (28%, 36/127) of AAr sites were unresponsive to tonal stimuli, regardless of sound level. For sites at which frequency tuning could be quantified (72%, 91/127), frequency tuning was broad (Fig. 5A,B) , averaging 3.0 kHz (SD = 1.1; range = 1.0-6.0 kHz) at halfmaximum response. Quality factors, calculated by dividing the best frequency by the 50% tuning width, also indicated that frequency tuning was broad (average 2.4; SD = 1.1). Best frequencies ranged from 3.0 to 8.0 kHz with a mean best frequency of 6.3 kHz (SD = 1.0; Fig. 5C ). The majority of sites (91%, 82191) had best frequencies between 5 and 8 kHz, which is at the upper end of the owl's audible range.
ITD tuning. Responses at all sites in the AAr were affected by ITD. Typically, ITD tuning curves exhibited a large "primary" peak and smaller, "secondary" peaks at ITDs ipsilateral and/or contralateral to the primary peak ( Fig. 6A-C) . At some sites, strong responses were restricted to a single, small range of ITD values (Fig. 6A) . At others, secondary peaks could be large (Fig. 6&C) and/or responses could be elicited across the entire physiological range of ITDs (Fig. 6C) . Finally, some sites did not appear to have closed ITD tuning: these sites were sensitive to contralateral-ear leading ITDs (Fig. 60) .
The degree to which ITD tuning curves were selective for specific values of ITD was assessed using the three indices defined in Figure IA (see Materials and Methods). In this figure and in the remaining figures, "response" was defined as the number of spikes elicited after subtracting baseline activity. ITD response modulation ranged from 44 to 100% with a median value of 100% (Fig. 7A) . At 45% of the sites, ITD response modulation was below lOO%, indicating that these sites could respond, to some degree, to any ITD within the physiological range of ITDs ( 2 200 psec). Secondary peaks tended to be small relative to the primary peaks ( Fig. 7B ): on average, the response at the secondary peak was approximately half as large (mean = 55%, SD = 27) as the response at the primary peak.
The width of the primary peak could be measured for the majority (89%, 113/127) of AAr sites (Fig. 8B) . The width of the primary ITD peak averaged 65 psec (SD = 23; range = 21-146 psec). For the remaining sites, ITD tuning widths could not be measured because responses to the largest contralateral-ear leading ITD values did not fall below 50% of the maximum response over the physiological range of ITDs (e.g., Fig. 60 ).
Best ITDs were calculated for 113 sites (Fig. 8C) . While the range of best ITDs (contralateral 158 psec to ipsilateral 213 Fsec) nearly covered the physiological range of ITDs, the vast majority (81%, 91/l 13) of sites were tuned to contralateral-ear leading ITDs. In addition, a substantial proportion (68%; 77/ 113) were tuned to ITD values of less than 50 psec ITD, corresponding to sound sources located within the frontal 40" of space (Fig. 4A) .
ZLD tuning. Nearly all (93%, 125035) of the sites were tuned for specific values of ILD (Fig. 9A) . A minority (7%, 10/135) were not tuned and, instead, were sensitive to contralateral-ear The Journal of Neuroscience, July 1995, 15 (7) 5159 greater ILDs (Fig. 9B) . For these sites, ILD tuning widths could not be calculated because responses did not fall below 50% of the maximum response at the largest value of contralateral-ear greater ILD. The degree to which ILD tuning curves were selective for specific values of ILD was assessed using the two indices defined in Figure 1B (see Materials and Methods). ILD response modulation ranged from 54 to 100% with a median value of 96% (Fig. lOA) . Over half (61%) of the sites had ILD response modulation values of less than lOO%, indicating that the majority of sites responded, to some degree, to any ILD within the physiological range of ILDs ( + 20 dB). For sites that were tuned for ILD, the average ILD tuning width was 27 dB (SD = 11; range = 7-60 dB; Fig. 10B ). Best ILDs ranged from 22 dB contralateral-ear greater to 20 dB ipsilateral-ear greater (Fig. 1OC ) which corresponds well with the range of ILD values that the auditory system normally experiences (see Brainard et al., 1992; Knudsen et al., 1994) .
Influence of sound level on dichotic tuning Neurons in the owl's OT have level-independent binaural tuning (Olsen et al., 1989) . To test whether this is also true in the AAr, we assessed the effect of sound level on binaural tuning to stimuli at 20 and at 40 dB above threshold for 14 single unit and 11 multiunit sites (Fig. 11) . Increasing sound level increased the width of ITD tuning curves by a small, but significant, amount (9 psec; t = 1.9, df = 25, p < 0.05) while having no systematic effect on best ITD (paired t test, t = 1.9, df = 25, p > 0.05; Fig. 11B ). Sound level had no significant effect on either ILD tuning width (t = 1.9, df = 25, p > 0.05) or best ILD (paired t test, t = 0.95, df = 25, p > 0.05; Fig. 11D ). Thus, the binaural tuning of units in the AAr was essentially insensitive to overall sound level.
Response latency
The distribution of minimum response latencies is presented in Figure 12 . The median latency for AAr sites was 25 msec (n = 135) with 93% of sites having latencies of less than 37 msec. The shortest latency observed was 14 msec while the longest was 51 msec.
Functional organization Frequency organization. There was no evidence of a systematic change in best frequency along any dimension of the AAr 0, > 0.05).
Organization of binaural localization cues. We found no evidence of an organization, based on binaural tuning, that would be consistent with the existence of a single, continuous map of auditory space in the AAr (Fig. 13) . Best ITDs and best ILDs did not change systematically along either the rostrocaudal, mediolateral, or dorsoventral axes 0, > 0.05).
While there was no global map of binaural cue values, best ITDs and best ILDs did tend to cluster. Best ITDs either changed gradually or remained constant along dorsoventral electrode penetrations. Examples of data from dorsoventral electrode penetrations, together with their Monte Carlo analyses for clustering (see Materials and Methods) , are shown in Figure 14 . In the penetration shown in Figure 14A , best ITDs progressed smoothly with one, and perhaps two, reversals in the progression of values. The average nearest-neighbor difference for this penetration was 31 ksec which was in the 10th percentile of the Monte Carlo distribution, indicating more clustering of best ITDs than would be expected by chance. The data shown in Figure 14B are from a penetration in which best ITDs were essentially constant along the dorsoventral electrode penetration. In this case, the average nearest-neighbor difference for the penetration was 15 ksec which was in the eleventh percentile of the Monte Carlo distribution, again indicating more clustering of best ITD values than would be expected by chance. Of the 20 penetrations in which we were able to measure best ITDs at three or more sites, 16 (80%) exhibited clustering. This is a significantly greater number than would have been expected to show clustering by chance (Z = 2.68, p < 0.004). Similarly, best ILDs were clustered in the dorsoventral dimension of the AAr (Fig. 15) . Figure 15A shows data from a penetration in which best ILDs clustered near one value and then changed abruptly to another value. Figure 15B shows an example of a penetration in which best ILDs remained essentially constant throughout the dorsoventral extent of the AAr. For both of these penetrations, the average difference between best ILDs measured at neighboring sites was less than the value expected based on chance, according to their respective Monte Carlo simulations. Sixteen (73%) of the 22 penetrations showed similar clustering of best ILDs. This is a significantly greater number of penetrations than would have been expected to show clustering by chance (Z = 1.79, p < 0.036).
Discussion
We have identified an auditory region in the barn owl archistriatum, the AAr, which contains neurons that are spatially tuned and are highly selective for binaural localization cues. AAr sites tend to be broadly tuned for sound frequency, they are all sensitive to both the ITD and the ILD of a stimulus, and nearly all (86%) are tuned sharply for both ITD and ILD. The tuning of AAr units for particular values of ITD and ILD exhibits a local organization, instead of a global, topographic one. High concentrations of units with comparable spatial and binaural tuning properties have been observed in regions of the brain that are known to contribute to spatial behaviors (Sprague and Meikle, 1965; Schneider, 1969; Casagrande and Diamond, 1974; Knudsen, 1982; Jay and Sparks, 1984; Stein et al., 1989; Knudsen et al., 1993; Wagner, 1993) . For example, in owls and in various mammalian species, both the ICX and the OT contain such populations of functionally specialized auditory units (Moiseff and Konishi, 1981a; Wise and Irvine, 1983 , 1985 Hirsch et al., 1985; Middlebrooks, 1987; Olsen et al., 1989; Binns et al., 1992; Mogdans and Knudsen, 1993) . Units with similar spatial and binaural properties have also been observed in the owl's basal ganglia (Cohen and Knudsen, 1994) . Although the role of the basal ganglia in owls has not been demonstrated, the basal ganglia have been shown to contribute to high-order spatial behaviors in a variety of avian and mammalian species (Potegal, 1969 (Potegal, , 1971 Wesp and Goodman, 1978; Bugbee, 1979; Goodman et al., 1982; Rieke, 1980 Rieke, , 1981 Rieke, , 1982 Sanberg and Mark, 1983; Cook and Kesner, 1988; Kennard and Lueck, 1989; Packard et al., 1989; Hikosaka, 1991) . The discovery that the barn owl AAr contains a high concentration of functionally specialized units similar to those in the ICX, OT, and basal ganglia suggests that the AAr contributes to the forebrain control of spatial behaviors requiring the localization of auditory stimuli. Relative Size of the Secondary Peak Figure 7 . Distributions of ITD selectivity. A, ITD response modulation is the difference between a site's largest and smallest response to an ITD value and expressed as a percentage of the largest response as defined in Figure 1 . B, Relative size of the secondary peak is the response at the largest secondary peak in the ITD tuning curve expressed as a percentage of response at the primary peak as defined in Figure 1 .
In the discussion that follows, we compare the functional properties of AAr units with those of auditory units in other regions of the owl's brain. We describe the marked differences between the forebrain and midbrain representations of auditory space and speculate as to why a single, continuous map of auditory space, though present in the midbrain, may not exist in the forebrain.
Comparison with other auditory regions in the owl The properties of AAr units are unlike those of units in the primary central auditory pathway (for a review, see Clarey et al., 1992) . Most units in this pathway are tuned sharply for frequency and are organized according to their frequency tuning into tonotopic maps. Many are also sensitive to ILD and/or to interaural phase difference (IPD). Because such units respond to only a narrow range of frequencies, their tuning to the ITD of a broad band stimulus is a periodic function, reflecting the unit's sensitivity to the IPD of its best frequency within the broad band sound. The spatial receptive fields of these units consist of large and often multiple discrete regions of space corresponding to the phase ambiguity of the IPD cue as well as to the spatial ambiguities that are inherent to ITD and ILD cues (see Brugge et al., 1969; Yin and Kuwada, 1984; Irvine, 1986; Carr and Konishi, 1988; Fujita and Konishi, 1991; Brainard et al., 1992) . The functional properties of AAr units represent a higher level of space processing. By integrating IPD and ILD information across frequency, thejr eliminate much of the spatial ambiguity that is associated with any single, frequency-specific cue (Takahashi and Konishi, 1986; Olsen et al., 1989; Brainard et al., 1992) band sound are not periodic functions. Instead, AAr units respond best to a particular value of ITD, their best ITD. The degree to which the phase ambiguity of the IPD cue is resolved at the level of these units is indicated by the relative sizes of the secondary peaks. These secondary peaks represent responses to optimal IPDs of the unit's best frequency for ITDs other than the best ITD. The distribution of secondary peak sizes in the AAr is comparable to that observed in the owl's ICX (Takahashi and Konishi, 1986) and OT (Cohen and Knudsen, unpublished observations) , structures that are at the functional apex of the midbrain sound localization pathway (Knudsen et al., 1987) . Moreover, like ICX and OT units, nearly all AAr units are tuned also for ILD, which contributes to the resolution of other spatial ambiguities and, therefore, to the specification of sound source location (Brainard et al., 1992) . For units in the AAr, as well as in the ICX and the OT, binaural tuning determines spatial tuning to a large extent. ITD and ILD vary systematically with the location of a sound source in space. In barn owls, as in all vertebrates, ITD changes with the azimuth of a source; and, for frequencies above 4 kHz, ILD changes with the elevation of a source (Fig. 4) , due to an asymmetry of the owl's external ears (Payne, 1971; Knudsen et al., 1994) . Consequently, unit tuning for ITD should contribute to the horizontal extent and position of the spatial receptive field, and unit tuning for ILD should contribute to the vertical extent and position of the spatial receptive field. Indeed, the tuning of AAr, ICX and OT units for ITD and ILD predicts, respectively, the azimuth and elevation of these spatial receptive fields (Olsen et al., 1989; Brainard et al., 1992 If there were a topographic ordering of best ITDs, the data points would cluster either above or below this line. Instead, the data points are scattered randomly on both sides of the diagonal line indicating that there was no global, topographic representation of best ITDs along either of these axes. The error bars represent 1 SD from the mean. C, Best ITDs from different penetrations were plotted as a function of depth. No systematic progression of best ITDs was seen with increasing depth. D and E, Mean best ILD from different mediolateral (D) and rostrocaudal (E) pairs of penetrations. For each pair of penetrations the mean best ILD from the medial (caudal) penetration was plotted against the mean best ILD from its lateral (rostral) pair. The diagonal line represents no change in mean best ILD along each of these axes. If there were a topographic ordering of best ILDs, the data points would cluster either above or below this line. Instead, the data points are scattered randomly on both sides of the diagonal line indicating that there was no global, topographic representation of best ILDs along either of these axes. The error bars represent 1 SD from the mean. F, Best ILDs from different penetrations were plotted as a function of depth. No systematic progression of best ILDs was seen with increasing depth.
Although the response properties of AAr sites are similar to those observed in the ICX and the OT, they are not the same. Both binaural tuning and spatial tuning in the AAr is broader than in these midbrain structures. In addition, AAr sites tend to respond, to some degree, to sounds originating from nearly any direction in space (Fig. 3) . In contrast, ICX and OT units are inhibited by sounds originating from outside their restricted receptive fields (Knudsen and Konishi, 1978b; Brainard et al., 1992) A binaural correlate of the large receptive fields in the AAr is the high proportion of sites at which either ILD or ITD response modulation is less than 100% (Figs. 7, 10 ). These sites, which constitute about 75% of AAr sites, can be driven by any value of ITD and/or ILD throughout the entire physiological range. Thus, many AAr sites combine spatial tuning within their receptive fields with nearly panoramic sensitivity. Different functional organizations in the midbrain and forebrain Another conspicuous difference between the AAr and the ICX and OT is their functional organization. In the ICX and OT, there is a single, continuous representation of binaural localization cues and, hence, of auditory space across each structure (Knudsen and Konishi, 1978a; Moiseff and Konishi, 1981a; Knudsen, 1982; Olsen et al., 1989; Mogdans and Knudsen, 1993) : best ITDs change systematically along the rostrocaudal axis of each nucleus, forming maps of azimuth, and best ILDs change systematically along the dorsoventral axis of each nucleus, forming maps of elevation. In contrast, based on the distribution of best ITDs and best ILDs, which predicts reliably the azimuthal and elevational location of best areas (Fig. 4) , there is no continuous map of azimuth or elevation in the AAr and, hence, no single map of space. Instead, units are clustered according to their binaural (and, therefore, spatial) tuning but the progression of tuning for ITD and ILD across the AAr does not change in a predictable manner (Figs. 14, 1.5 ).
The dramatic difference in functional organization between the AAr and the ICX and OT is surprising considering the intimate anatomical and physiological relationships that exist among these structures. The AAr projects directly to both the The distribution of mean best ITD differences from the Monte Carlo simulations for eight sites. The experimental mean for this penetration is less than the simulation mean, suggesting greater clustering than by chance. B: Left, In this penetration, best ITDs remained relatively constant with depth. Right, The distribution of mean best ITD differences from the Monte Carlo simulations for four sites. The experimental mean for this penetration is less than the simulation mean, suggesting greater clustering than by chance. The Monte Carlo distributions vary with the number of recording sites in a particular penetration.
ICX and the OT, and, in addition, the AAr and the OT project to the same nuclei in the midline brainstem tegmentum that are responsible for generating saccadic changes of gaze (Masino and Knudsen, 1992; Knudsen et al., 1995) . Moreover, microstimulation in the AAr evokes saccadic movements of the head and eyes, independently of the OT (Knudsen et al., 1995) . The pattern of anatomical connections and the similarity of the effects of microstimulation in the AAr and OT suggest that the AAr and OT represent similar levels of information processing, at least in the gaze control pathway.
Local organization of binaural tuning properties, as described here for the AAr, has been observed previously in the owl's basal ganglia (Cohen and Knudsen, 1994) . Nearly all units in the auditory portion of the basal ganglia are tuned for both ITD and ILD. Best ITDs are clustered along the dorsoventral axis but change unpredictably along the rostrocaudal and mediolatera1 axes.
The local organization that is observed in the AAr and auditory basal ganglia of the owl is reminiscent of the "patchy" organization that has been described for somatosensory and Depth re. Dorsal-most Site (pm) Average ILD Difference (dB) Figure 15 . Best ILDs measured in individual dorsoventral penetrations. A: Lefi, Best ILDs are plotted against recording depth, relative to the dorsal-most site in the penetration. In this penetration, best ILDs progressed smoothly with two reversals in the progression of values. Right, The distribution of mean best ILD differences from the Monte Carlo simulations for seven sites. The experimental mean for this penetration is less than the simulation mean, suggesting greater clustering than by chance. B: Left. In this penetration, best ILDs remain relatively constant with depth. Right, The distribution of mean best ILD differences from the Monte Carlo simulations for nine sites. The experimental mean for this penetration is less than the simulation mean, suggesting greater clustering than by chance. The Monte Carlo distributions vary with the number of recording sites in a particular penetration.
movement-related activity in the cerebellum and basal ganglia representation in the cerebellum may facilitate the analysis of of other species (Goldman and Nauta, 1977; Joseph et al., 1978;  local sensory information within the more global context of a Shambes et al., 1978a,b; Kassl, 1980; Bower et al., 1981; Bower movement (Bower and Kassel, 1990; Nelson and Bower, 1990). and Woolston, 1983; Crutcher and Delong, 1984; Welker, 1987;  In the basal ganglia, the patchy organization of movement-re- Bower and Kassel, 1990; Flaherty and Graybiel, 1994) . It has lated activity is similarly believed to facilitate local and global been postulated that this type of organization is optimal for those interactions, such as those that are required for grasping (Nelson behaviors that involve local and global interactions (Nelson and and Bower, 1990) or sensorimotor learning (Aosaki et al., 1994; Bower, 1990) . For example, the patchiness of the somatosensory Flaherty and Graybiel, 1994) .
Speculations on the basis for differences in functional organization in the forebrain and midbrain
The primary role of auditory activity in the barn owl OT may well be for the control of gaze (Knudsen et al., 1993 ). In contrast, auditory activity in the AAr probably contributes to a wide variety of sensorimotor tasks more complicated than gaze control. These tasks might include the selection of particular auditory stimuli for attention, the encoding of stimulus locations that must be remembered while making complicated movements, or the selection or guidance of complicated movements in response to particular auditory stimuli. The computations that contribute to these complex functions require the integration of auditory spatial information with information about body position and changes in body position and with information from memory stores and limbic structures. It is possible that for the mediation of complex or multiple tasks a local organization rather than a global auditory space map is the optimal format for the representation of auditory space.
The same principle may apply to the representations of auditory spatial information in the forebrain and midbrain of mammals as well. Auditory space maps have been sought in a variety of mammalian species. Auditory space maps have been found in the midbrain ICX and OT (King and Palmer, 1983; Middlebrooks and Knudsen, 1984; King and Hutchings, 1987; Binns, 1992) . They have not been found, however, anywhere in the forebrain. Instead, units in the mammalian forebrain tend to cluster according to their binaural tuning properties (Middlebrooks et al., 1980; Middlebrooks and Pettigrew, 1981; Rajan et al., 1990; Kelly and Judge, 1993) . It is possible that in mammals, as in owls, forebrain structures that participate in complex or various behaviors may not contain mapped representations of auditory space.
